Die Dokumente auf EconStor dürfen zu eigenen wissenschaftlichen Zwecken und zum Privatgebrauch gespeichert und kopiert werden.
Introduction
The European Union (EU) is currently undergoing a transformation of its energy system towards a sustainable and highly renewable-based system. The EU has set a three-fold goal for 2020: a 20% share of renewables in energy consumption, a reduction of greenhouse gases by 20% with respect to 1990, and an increase of energy efficiency by 20%. In the long run, the EU targets a reduction of greenhouse gases by 80-95% by the year 2050. Most greenhouse gas emissions are related to energy utilization. A substantial transformation of the energy system is thus required. In particular, the European electricity systems should be largely carbon-neutral by 2050 in order to reach the ambitious two-degree-goal. Together with a substantial improvement of energy efficiency, a promising strategy for decarbonizing the electricity sector is the large-scale expansion of renewable energy sources (RES) like wind and solar power.
Wind power, which has a large natural potential, shows two main characteristics. On the one hand, the geographical distribution of wind power resources is typically uneven. For example, in Europe growing shares of wind resources are mainly located at shorelines and off-shore. On the other hand, wind has severely fluctuating generation patterns. Its large-scale integration into electricity markets thus requires substantial upgrades and extension of existing transmission networks in order to connect distant generation sites, and even out regional imbalances due to those fluctuations. Since electricity transmission networks are natural monopolies, they need to be regulated so as to promote their expansion in a way that social welfare is also optimized. Network owners have no incentives for removing transmission bottlenecks if this reduces their profits (due to a loss in their congestion rents). This incentive structure is further complicated by asymmetric information between the network owner and the regulator. Thus, incentive compatible network expansion has to be ensured through economic regulation.
The regulation of transmission operation and expansion has been widely discussed by regulatory economists. Finding optimal mechanisms is difficult given the specific physical characteristics of electricity networks like negative local externalities due to loop flows, i.e. electricity flows obeying to Kirchhoff's laws. A range of different regulatory schemes and mechanisms have been proposed and applied so far. 2 However, there is scarce research on optimal transmission regulation in the light of realistic demand patterns and large-scale RES integration. "Classic" regulation aims for expanding networks such that marginal arbitrage gains equal marginal expansion costs. Considering real-world demand fluctuations and RESspecific issues in network regulation analysis may require a different approach. In particular, the timing of electricity dispatch in RES systems is more frequent and fluctuating than transmission investment decisions.
In this paper we aim to enhance the economics understanding on how to regulate and expand transmission networks in the light of realistic demand patterns and large-scale wind power in Europe. We combine theoretical research on regulation of transmission expansion, with an application to Europe; we also derive policy implications. In order to analyze these issues, we initially rely on the Hogan-Rosellon-Vogelsang (HRV) mechanism 3 which combines merchant and regulatory structures to promote the expansion of networks. Other extreme approaches to transmission expansion include the traditional central planning within a vertically integrated industry, and the pure market (or merchant) mechanisms. The HRV 2 See Hogan, W., J. Rosellón and I. Vogelsang (2010) , Tanaka, M. (2007) , Kristiansen, T. and J. Rosellón (2010) , Léautier, T.-O. and V. Thelen (2009) , and Léautier, T.-O. (2000) . 3 Hogan, W., J. Rosellón and I. Vogelsang (2010) . approach lies in between these two approaches, combining regulation (via price caps), and market incentives via property rights in electricity investment (financial transmission rights, FTRs). We aim to particularly analyze whether the unique variability and unpredictability characteristics of RES have an effect on transmission expansion decisions within the HRV analytical framework.
We are also interested in the relative performance of the HRV mechanism compared to other regulatory regimes for transmission network expansion, including a welfare-maximizing benchmark, a purely merchant approach, and cost regulation. We apply these mechanisms to a stylized model of the central European transmission network. The transmission model represents real power flows, which allows including special characteristics of electricity networks like loop flows. In contrast to earlier applications of the HRV mechanism, we explicitly include both an hourly time resolution and fluctuating wind power, which substantially increases the real-world applicability of the approach. We solve the model numerically and compare welfare outcomes and the optimal levels of network expansion for different cases that vary with respect to demand representation and wind power fluctuations.
We find that network extension in central Europe not only increases social welfare due to diminished congestion, but also leads to a large redistribution of social welfare from consumers to producers in France and Germany. Comparing different regulatory approaches, we find that HRV regulation leads to welfare outcomes that are close to the optimum achieved by a social planner, and far superior to other modelled alternatives. We show that this result is robust over all modelled cases. Our analysis thus quantitatively supports a theoretical claim according to which HRV regulation properly aligns a Transco's incentives with social welfare objectives. We also find that HRV regulation leads to a situation in which a substantial portion of the Transco's income consists of a fixed-tariff part. Likewise, the intertemporal rebalancing of the two-part tariff carried out by the Transco so as to expand the network is such that the fixed part is much higher than the decrease of the variable part. In fact, the fixed tariff fee turns out to be relatively large compared to extension costs, a distributive issue that can be addressed through the proper choice of weight of profits in the welfare criterion. 4
The remainder of the paper is structured as follows. Section 2 reviews the relevant literature. Sections 3 and 4 introduce the model and its application to a stylized central European example. Results are discussed in section 5. The last paragraph summarizes and concludes.
Literature
There are two main distinct analytical approaches to transmission investment: one employs the theory based on long-term financial transmission rights (LTFTR, merchant approach), while the other is based on the incentive regulation hypothesis (performance-based-regulation, PBR, approach). The PBR approach to transmission expansion relies on incentive regulatory mechanisms for a transmission company (Transco). One example is Vogelsang (2001) where price-cap regulation solves the duality of incentives for the transmission firm both in the short run (congestion) and in the long run (investment in network expansion). Equilibrium for this duality has been studied by the peak-load pricing literature: in equilibrium, the per-unit marginal cost of new capacity must be equal to the expected congestion cost of not adding an additional unit of capacity. 5 Alternative regulatory PBR approaches provide the firm with incentives to make efficient investment decisions through penalizing congestion. 6 In the 4 Exploring distributive issues in detail is not in the focus of this article, but left to further research. 5 Crew, M.A., C.S. Fernando and P.R. Kleindorfer (1995) . 6 Grande, O.S. and I. Wangesteen (2000) international practice, PBR schemes for transmission expansion have been applied in England, Wales and Norway to guide the expansion of the transmission network. 7
In Vogelsang (2001) two-part tariff regulatory model, incentives for efficient investment in the expansion of the network are obtained by the rebalancing of fixed and variable charges while convergence to the steady state Ramsey-price equilibrium crucially depends on the type of weights used. Ramsey prices result from the solution of the program where a regulator seeks to maximize social welfare subject to the individual rationality constraint of a firm with increasing returns to scale. The prices are such that they differ from marginal cost inversely proportionally to the elasticity of demand. A Laspeyres index weight (previous period quantity weight) promotes intertemporal convergence of transmission tariffs to Ramsey prices, while average revenue weights (endogenous current period quantity weights) cause divergence from the Ramsey equilibrium. 8
The merchant approach to transmission expansion is based on auctions of LTFTRs. The longrun concept is important for transmission expansion projects for investors. Such projects usually have an installed lifetime of approximately 30 years, so that auctions allocate FTRs with durations of several years. Incremental LTFTRs implicitly define property rights. FTR auctions are carried out within a bid-based security-constrained economic dispatch with nodal pricing of an independent system operator (ISO). The ISO runs a power-flow model that provides nodal prices derived from shadow prices of the model's constraints. FTRs are subsequently derived as hedges from nodal price differences. Externalities in electricity transmission are mainly due to loop flows which arise from interactions in the transmission network. The effects of loop flows imply that transmission opportunity costs and pricing critically depend on the marginal costs of power at every location in the network. Loop flows generate negative externalities on property-right holders. In the merchant approach, the ISO retains some capacity or FTRs in order to deal with such externalities. Equivalently, the agent making an expansion is required to 'pay back' for the possible loss of property rights of other agents. 9 In international practice, FTR auctions have been used in the North East of the USA (NYISO, PJM ISO, and New England ISO) and in California. 10 A second-best standard that combines the merchant and PBR transmission models is proposed by the HRV model. This is done in an environment of price-taking generators and loads. A crucial aspect is the redefinition of the transmission output in terms of incremental LTFTRs in order to apply the basic price-cap mechanism in Vogelsang (2001) to meshed networks within a power-flow model. The Transco intertemporally maximizes profits subject to a cap on its two-part tariff, but the variable fee is now the price of the FTR output based on nodal prices. Again, the rebalancing between the variable and fixed charges promotes the efficient expansion of the network. The HRV mechanism has already been tested in model-based analyses for simplified grids in Northwestern Europe and the Northeast USA. 11 The testing of the HRV regulatory model results in the Transco expanding the network so that prices develop in the direction of marginal costs. The nodal prices that were subject to a high level of congestion before the expansion converge to a common marginal price level. In any case, 7 During the 1990s, an "uplift management rule" was applied in England and Wales (Léautier, 2000) . Such a rule made the Transco responsible for the full cost of an "out-turn" plus any transmission losses. The out-turn defined the cost of congestion as the difference between the price actually paid to generators and the price that would have been paid absent congestion. In Norway, a revenue-cap approach -which precludes having to exactly define the output produced by a Transco -has also been used in practice (Jordanger and Grønli, 2000) . 8 Armstrong M. et al. (1994) . 9 Bushnell, J.B. and S.E. Stoft (1997), Kristiansen, T. and J. Rosellón (2006) . 10 FTR (or similar congestion revenue right) auctions have recently generated substantial revenues: USD1.9022 billion in PJM RTO, USD71.1 million in New England, and USD48.4 million in California (2009 data). In New England, the annual traded volume amounted 60 GW in 2008. (NYISO 2010 , ISO-NE 2010 , CAISO 2010 . 11 Rosellón, J. and H. Weigt (2010), these results show that the HRV mechanism has the potential to foster investment in congested networks in an overall desirable direction. 12 In this paper we expand the HRV model so as to incorporate the peculiarities of real-world electricity systems and fluctuating renewables into the regulatory logic of the HRV model. In doing so, we also confirm the robustness of some key results obtained by Rosellón and Weigt (2011) , which draw on a much simpler representation of demand, and on unrealistic initial price differences between countries. Likewise, we aim to also contribute with a novel application of combined regulatory-PBR mechanisms to the case of fluctuating and geographically dispersed renewables.
The Model
The model formulation builds on Rosellón and Weigt (2011) . Table 8 in the Appendix lists all model sets and indices, parameters, and variables. We assume a market design with nodal pricing based on real power flows and financial transmission rights (FTRs). A single Transco holds a natural monopoly on the transmission network. The Transco decides on network extension and auctions off transmission capacity in the form of FTRs to market participants. Note that we do not explicitly model this point, but assume that FTR auction revenues are equal to congestion rents of the system. Accordingly, we just assume that the Transco maximizes profit, which consists of congestion rents and a fixed income part. Whereas the Transco is not involved in electricity generation, an independent system operator (ISO) manages the actual dispatch in a welfare-maximizing way. The ISO collects nodal payments from loads and pays the generators. The difference between these payments is the congestion rent. This congestion rent is transferred to the Transco. 13 We model three different regulatory cases in which we assume the Transco to be unregulated regarding network expansion (NoReg), cost-regulated (CostReg), or HRV-regulated (HRV). We compare these regulatory cases to a baseline case without any network expansion (NoExtension) and to a welfaremaximizing benchmark (WFMax), in which a social planner makes combined decisions on network expansion and dispatch. The problem formulation entails two levels. In the regulatory cases, the Transco's profit maximization constitutes the upper-level optimization problem. In the welfare-maximizing benchmark, the upper-level problem represents the social planner's maximization problem. On the lower level, we formulate the ISO's welfaremaximizing dispatch as a mixed complementarity problem (MCP). The combination of lower and upper level problems constitutes a mathematical program with equilibrium constraints (MPEC). 14 We assume a standard linear demand function (1.1): (1.1), the lower level dispatch problem consists of equations (1.2)-(1.9). These represent an MCP formulation of the ISO's constrained welfare maximization problem, which is provided in the Appendix. Note that we model real load flows between single nodes with the simplified DC load flow approach developed by Schweppe et al. 1988 (compare also Leuthold et al. 2008) . Note that equations (1.2)-(1.9) must be satisfied in every single hour . τ
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Equations (1.5) and (1.6) demand that the power flows on each line do not exceed the respective line's capacity . Whereas the lower-level problem (1.2)-(1.9) has to be solved for every single hour , the upper-level problem needs to be inter-temporally optimized over all regulatory periods t . For the three regulatory regimes, the upper level problem is represented by τ (1.10):
The Transco's only decision variable is capacity extension of transmission lines , which incurs extension costs (annuities). In the NoReg case, transmission investments have to be fully recovered by congestion rents, i.e.
. Accordingly, the Transco will only extend such lines that increase congestion rents. Both future revenues and future costs are discounted with a private discount rate . In the CostReg case, we assume that the Transco not only receives congestion rents, but may also charge an additional fixpart which reimburses the line extension cost and grants an additional return on costs ("cost-plus" regulation). Equation (1.11) shows that the fixed part of a given period includes the costs (annuities) of all network investments made so far plus a return on costs . With positive , the Transco may find it optimal to expand all transmission lines infinitely. We thus include an additional constraint which states that equation r r
(1.11) only holds as long as line extension does not exceed the optimal levels as determined by the welfare-maximizing benchmark. 15 In the HRV case, the Transco may also charge a fixed tariff part, on which equation (1.12) sets a cap. It includes previous period quantity weights (Laspeyres weights) 16 . It also includes a retail price index RPI and an efficiency factor X . 17 Summing up, in both the CostReg and the HRV case, the Transco is able to recover network extension costs by the fixed tariff part. In contrast, this is not the case in the NoReg.
In the welfare-maximizing benchmark case, the upper level problem does not describe a Transco's profit-maximization, but a social planner's maximization of social welfare. It is described by (1.13). Note that the social planner uses a social discount rate s δ which may be smaller than the private discount rate used by a Transco.
In all cases, there are inter-period constraints on line capacity (1.14), line reactance (1.15) and network susceptance (1.16).
(1.14)
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In the numerical application, equations (1.15) and (1.16) are neglected in order to reduce complexity and improve the numerical solution process. Instead, line reactance and susceptance are assumed to be constant. In section 5.4.4, we perform a sensitivity analysis in which equations (1.15) and (1.16) are included. It shows that the main results also hold under the simplifying assumption of exogenous reactance and susceptance.
Model application
The five MPEC problems are implemented in the General Algebraic Modeling System (GAMS). They are numerically solved on a 64bit Linux System with the solver CONOPT3. We apply the model to a stylized transmission network of central Europe, which includes seven country nodes in Germany, France, Belgium and the Netherlands, eight auxiliary crossborder nodes, and twenty stylized transmission lines (Figure 1 ). In addition, there are eight auxiliary lines in France and Germany, which we assume not to be congested. Network data is derived from Neuhoff et al. (2005) , who have used this network for a seminal model comparison analysis. The same network has been used by Rosellón and Weigt (2011) .
Figure 1: The stylized central European transmission network
We include eight power generation technologies. Table 1 lists variable generation costs and overall available capacity in the stylized network. Data sources include BP (2010), EEX (2010), ENTSO-E (2010a), Eurostat (2010) and IEA (2010) . The values on available capacity also reflect own estimations on a part of the installed capacity not being available any given hour due to outages, seasonal maintenance and other technical restrictions. Table 9 in the Appendix shows nodal generation capacity in detail. 18 We solve the model for three different cases that vary with respect to the time resolution of demand and wind generation. Table 2 provides an overview. In the Static case, we assume average yearly demand levels, prices and wind generation. In the DRes case, demand is modeled on an hourly basis for six representative days of the year. We include both a weekday and a weekend day for each of three distinctive demand periods: summer (April to September), winter (November to February) and a shoulder period (March and October). We extrapolate to the whole year by weighting the six days with suitable factors. WindRes extends DRes by adding a fluctuating wind generation pattern derived from historic data. This approach allows separating the effects of demand fluctuations and winding power fluctuations. (2011), we assume a price elasticity of demand ε of -0.25 at the reference point for all nodes and all hours. The average wind capacity factor is 0.172 for all nodes. This value has been calculated according to quarter-hourly feed-in data provided by the German TSOs for 2009. In the DRes case, nodal reference demand and prices are modeled on an hourly basis. We group hourly ENTSO-E demand data for the whole year 2009 in six different categories (weekdays and weekend days during summer, winter, and the shoulder period) and calculate average values for each hour of these six representative days. As shown in Figure 2 In the WindRes case, we draw on hourly German wind feed-in of 2009 provided by the German TSOs. 20 We group hourly wind feed-in data of the whole year in six representative days (weekdays and weekend days during summer, winter, and the shoulder period). For each group, we sort the hourly wind values in ascending order and take 24 quantiles. These quantiles are randomly assigned to the 24 hours of each representative day. 21 Figure 4 shows the resulting wind pattern in the context of overall reference demand. Taking weighted averages of the resulting 144 representative hourly feed-in values leads exactly to the same overall wind feed-in as in the Static and DRes cases. Note that the wind feed-in pattern is completely unrelated to daily demand fluctuations. In contrast, there is a small seasonal correlation: during winter days, both demand and wind feed-in is higher than during summer days. It should be noted that this wind pattern shown in Figure 4 is not intended to resemble realworld wind feed-in during specific hours. Rather, it is intended to represent the characteristics of fluctuating wind generation during each of the representative six days. Over the 144 hours, many combinations of demand and wind generation occur, for example high wind / low demand or low wind / high demand. Overall, this approach captures the essentials of realworld wind power fluctuations quite well. Yet taking quantiles necessarily leads to an underrepresentation of hours with extremely high wind feed-in.
We solve the model for six regulatory periods (t0-t5), i.e. six years. 22 Network expansion decisions can be made in the first period, but will become effective only in the second one. The social planner in the WFMax case applies a social discount rate s δ of 4% for intertemporal optimization over the regulatory periods. In the following, we use the same discount rate for all comparisons of welfare outcomes. In the NoReg, CostReg and HRV cases, the Transco uses a private discount rate of 8% for intertemporal profit maximization. We further assume a return on costs in the CostReg case of 8%. p δ r 5 Results
The simplified case
First, we look at the Static case, in which neither demand nor wind fluctuate. Figure 5 shows the locations and the levels of overall line extensions in the final period (t5) under all regulatory approaches. In the welfare-maximizing benchmark, the major extensions take place at the border between France and the Netherlands (lines 13, 14, and 15) and between Germany and the Netherlands (line 4). Under HRV regulation, exactly the same lines are expanded -largely at the same level as in WFMax. Cost-based regulation also leads to welfare-optimal expansion of most lines. However, the two lines that are most important for decreasing congestion rents are hardly expanded under CostReg: line 4 between Germany and the Netherlands and line 13 between France and Belgium. Substantially expanding these lines would lead to congestion rent losses that would by far outweigh the return on costs paid to the Transco for extending these lines. Under NoReg, hardly any network extension takes place as the Transco does not receive any payments that could outweigh congestion rest losses. While Figure 5 shows the final network expansion level in the final period (t5), it is also interesting to look at the time path of extension in the different cases. Figure 6 shows that all line extensions take place in the first period in the welfare-maximization benchmark. This result should be expected, as delaying investments would only decrease the benefits of extension measures. In the NoReg and CostReg cases, we find a similar result, although there is some activity between t2 and t3 in the cost-based regulatory case. In contrast, HRV regulation leads to incremental upgrades over the different regulatory periods. 23 This result is driven by the yearly rebalancing of the variable and fixed parts of the two-part tariff according to equation (1.12). Accordingly, the full benefits of HRV regulation materialize in later periods. Figure 7 shows hourly nodal prices before and after network expansion under the different regulatory approaches. In the welfare-maximizing benchmark, price convergence is nearly perfect. Prices increase in France and Germany and decrease in Belgium and the Netherlands.
In the HRV case, we find nearly the same results. Yet prices differ very much in the NoReg and CostReg cases. In these cases, the Transco expands the lines such that price differences between the most cross-border nodes increase. In doing so, the Transco manages to slightly increase congestion rents. After analyzing line extensions and price effects, we look at welfare results. Table 4 summarizes welfare outcomes for the Static case. 24 It lists the differences to the baseline without extension (NoExtension) for the different regulatory approaches, i.e. the welfare gains of network extension. A general finding is that network expansion always increases social welfare compared to a situation in which extension is not possible. Looking at the welfare-maximizing benchmark (WFMax), we find a modest increase of social welfare of less than € two billion over the five regulatory periods due to network expansion. However, there is a much larger distributional effect: producer rents are greatly increased, while consumer rents decrease. This effect can be explained by the fact that increased transmission capacities lead to additional exports from Germany and France and to respective price increases in these countries. Accordingly, consumer rents in Germany and France decrease, whereas consumers in Belgium and the Netherlands benefit from network expansion. As electricity consumption is much larger in Germany and France than in Belgium and the Netherlands, overall consumer rent decreases. Congestion rents (and Transco profits) also decrease due to network investments.
Comparing social welfare among the different regulatory cases, we find that HRV regulation results in welfare outcomes close to the welfare-maximizing benchmark. In contrast, both NoReg and CostReg lead to much lower welfare gains of extension. Interestingly, the effects on producer and consumer rents are different compared to WFMax and HRV. This is because Transcos do not find it profitable to expand line 4 between Germany and the Netherlands in NoReg and CostReg. Consequently, German exports do not increase in these cases. In contrast, there is even a slight decrease of German exports under NoReg and CostReg due to investments in other lines. 25
The extension-related decrease in congestion rents is largest in WFMax. HRV only leads to a small decrease in congestion rents, whereas NoReg and CostReg slightly increase network congestion. This is because small line upgrades lead to increasing trade, which outweighs a decreasing price difference between two congested nodes. In other words: profit-maximizing Transcos in NoReg and CostReg expand the network such that congestion is increased. In contrast, the HRV-mechanism gives the Transco an incentive to expand the network such that congestion is relieved. Accordingly, HRV regulation better aligns the Transco's incentives with social welfare objectives compared to NoReg and CostReg.
It can be observed that the rebalancing of the two parts of the tariff favors t fixpart , as determined by equation (1.12), so that the Transco profits are highest in the HRV case. The fixed part is very large compared to extension costs and congestion rent losses. According to our results, the fixed part should be paid for by generators. Under both NoReg and CostReg, the Transco is hardly able to increase profits compared to NoExtension.
The case with fluctuating demand
We now discuss the DRes case, which has a much more realistic demand resolution than the Static case. Figure 8 shows overall line extensions in the final period (t5) for DRes. In general, optimal line investments are much higher compared to the Static case. In addition, the major extensions take place at different lines. This is because fluctuating demand levels increase network congestion, particularly in peak hours. In the welfare-maximizing benchmark, we now find the major line investments at the border between Germany and France (lines 5 and 19). The lines with the major extensions in the Static case also play a role: lines at the border between France and the Netherlands (lines 13, 14, and 15) and between Germany and the Netherlands (line 4). In addition, extension of the lines between Belgium and the Netherlands (lines 10 and 11) is higher than in the Static case.
As before, we find that HRV regulation leads to an expansion of all the lines of the welfaremaximizing benchmark. However, HRV-triggered expansion is slightly less close to the welfare-optimum compared to the Static case. In the cost-based regulatory case, the Transco invests in all lines that are expanded in the welfare-maximizing benchmark. Some lines are even expanded beyond the welfare-optimal level because of an additional return on costs (lines 1, 8, and 9 ). Yet the lines that lead to the highest congestion rents are hardly expanded (lines 4, 13, 15, 19 ) -a similar finding as in the Static case. Under NoReg, only minor network extension takes place. Under both NoReg and CostReg, the Transco tries to preserve as much fluctuation-related congestion rent as possible. Figure 18 shows the time path of line extensions in the DRes case. While the general results are similar to the Static case, the overall level of network extension is higher. What is more, extensions under HRV regulation increase more slowly compared to the Static case. Obviously, HRV regulation needs more time to approach the welfare-optimal extension level in a more realistic setting. Figure 10 shows hourly prices (six representative days) for Germany and France before and after network expansion. It can be seen that prices in Germany hardly change during most hours. Prices increase in winter peak periods due to additional exports, but decrease in summer off-peak periods due to imports of cheap base load power from France. French prices generally increase during summer because of exports of cheap base load power to the Benelux countries (and, to a lower extent, to Germany). During winter peak periods, French prices slightly decrease. Figure 18 in the Appendix shows price convergence over all country nodes for the different cases. It can be seen that the high level of network expansion in WFMax leads to nearly perfect price convergence between the nodes during most hours. The same is true for the HRV case -with the exception of some off-peak prices, during which network congestion is lower. In contrast, both NoReg and CostReg lead to much lower price convergence, as the lines with the highest congestion rents are not sufficiently expanded in these cases. Price convergence in the DRes case is generally highest in winter peak periods and lowest in summer periods with lower demand levels.
Given the price effects discussed above, Table 5 lists welfare differences between the different regulatory approaches and the baseline without extension for the DRes case. Looking at WFMax again, we find a larger social welfare gain of network investments compared to the Static case. Simplifying modeling assumptions may thus lead to a substantial underestimation of both expansion requirements and related welfare gains. The distributional effect of transmission investments on producer and consumer rents is qualitatively the same as in the Static case, but much less pronounced. In particular, consumer rents decrease less, as exports from Germany and France no longer increase in all periods. Congestion rents and Transco profits in WFMax decrease more than in the Static case due to higher network investments. Comparing social welfare outcomes among different cases, we find again that HRV regulation is still closest to the welfare-maximizing benchmark, although HRV's relative welfare performance compared to WFMax slightly decreases from Static to DRes. The reason for this finding is that the network extension path approaches the social optimum more slowly. Both NoReg and CostReg once more lead to much lower welfare gains of extension, but to better results than in the Static case. We thus conclude that the positive welfare properties of the HRV mechanism are robust to modeling demand fluctuations.
Looking at congestion rents, results resemble the Static case, although they are more pronounced. The extension-related decrease in congestion rents is again largest in WFMax. HRV leads to a smaller decrease, whereas NoReg and CostReg once more increase network congestion. Note that network extension costs are roughly the same in CostReg and HRV, but social welfare outcomes of the HRV case are much better. As shown above, this is because the Transco has an incentive to invest in the wrong lines under CostReg. The fixed part that is necessary to align the Transco's incentives with a socially desirable extension path is even larger than in the Static case. The fixed part outweighs congestion rent losses, such that Transco profits are again highest under HRV regulation.
Given the findings discussed in this section, we conclude that using a detailed representation of demand has important implications for modeling transmission network expansion and for assessing the performance of different regulatory approaches.
The case with fluctuating wind
Finally, we examine the WindRes case, which includes not only demand fluctuations, but also fluctuating wind power feed-in. Line extensions in WindRes are very similar to the DRes case. As shown in Figure 11 , we also find a similar extension path as in DRes, which approaches the welfare-optimal level, but does not yet reach it in the final period t5. Accordingly, including fluctuating wind power does not lead to major changes of extension results. As for electricity prices, results are also similar to DRes, although we find slightly lower convergence in WindRes due to wind power fluctuations. Table 6 provides an overview of welfare results in the WindRes case. It can be seen that there are only small changes compared to DRes outcomes. In general, producers are slightly worse off compared to DRes, as wind peaks decrease prices in some periods. We conclude that including fluctuating wind power in the model leads only to small changes in the outcomes compared to DRes case. This result may be surprising at first glance, but can be explained by the relatively low importance of wind fluctuations in the light of the overall generation pattern in the central European electricity system of 2009. Accordingly, the beneficial welfare properties of the HRV mechanism also hold in a case with fluctuating wind power. From a modeling perspective, our results show that it is important to represent demand in a realistic way. If this is achieved, fluctuating wind power may be neglected -at least as long as its market share is as low as today. In section 5.4.1, we check if this results still holds under the assumption of much-increased wind generation capacity.
Sensitivity analyses

More regulatory periods
Increasing the number of modeled regulatory periods does not change the general outcomes. The relative performance of HRV regulation slightly improves though, as the benefits of incremental network extension are larger in later periods. Figure 12 shows that the network expansion in the HRV case is very close to the social optimum in the last regulatory periods. Modeling a smaller number of regulatory periods thus leads to an underestimation of HRV's welfare benefits. For t0-t5, HRV regulation achieves 80% of the extension-related social welfare gains of the welfare-maximizing benchmark in DRes. In the t0-t10 run, this number increases to 87%. Accordingly, HRV's welfare implications are slightly better than suggested by the previously discussed results, if a more realistic time horizon is applied. However, increasing the number of regulatory periods from six (t0-t5) to eleven (t0-t10) increases execution time for a full model run from around 70 hours to around 270 hours. As the major results do not change, we conclude that modeling t0-t5 is sufficient for the purposes of this paper.
Higher extension costs
We test the sensitivity of results to our assumption on network extension costs. All previous results have been calculated with costs of 100 €/(MW*km). This value reflects the costs of incremental upgrades of existing lines and has also been used by Rosellón and Weigt (2011) . Yet incremental line upgrades may not always be possible. If it becomes necessary to build new lines from scratch, extension costs may be much higher. We test the effect of different values up to 1000 €/(MW*km) for the DRes case. Figure 13 shows that overall extension levels generally decrease with increasing costs. Yet larger cost assumptions decrease the gap between HRV extension results and WFMax: for values of 1000 €/(MW*km), HRV regulation nearly achieves the welfare-optimal extension level. Figure 14 shows the differences in social welfare for the different cases (differences to baseline without extension in bn €). While extension-related social welfare gains slightly decrease with increasing extension costs -due to lower extension -, the welfare findings discussed above are very robust. We conclude that increasing extension costs lead to a moderate decrease of network extension and moderate decrease of extension-related welfare gains in all cases. However, the general results do not change. In particular, the relative performance of the HRV mechanism compared to WFMax and to the other regulatory approaches is robust. Interestingly, the fixed tariff part under HRV regulation does not increase with increasing extension costs, but slightly decreases. Nonetheless, the fixed part is still substantially larger than extension costs even in the case with 1000 €/(MW*km).
Higher wind feed-in
In section 5.3, we have shown that including fluctuating wind power at 2009 levels hardly changes results. We now check if this conclusion is still valid in a setting with much higher wind capacity. We assume that the available wind capacity in all nodes quadruples (WindRes_x4) and run the model again. Figure 15 indicates the differences in line extension between the cases WindRes and WindRes_x4. It shows that increasing wind power increases the optimal amount of overall network investments because of higher (temporary) congestion.
In particular, the cross-border lines between Germany and the Netherlands are being expanded (lines 1 and 4). This is because increasing wind capacity leads to a substantial price decrease in Germany -in which the largest wind capacity is assumed to be installed. Accordingly, network congestion between Germany and the Netherlands increases. In addition, lines within the Netherlands (lines 6 and 8) are expanded in order to transmit additional wind power. Table 7 shows the related welfare results. It can be seen that even under the extreme assumption of quadrupling wind power no general result changes signs compared to WindRes.
As for social welfare, a larger capacity of unevenly dispersed wind power increases the welfare gain of network extension, as more congestion is relieved. The extension-related increase in producer rents is lower than in WindRes, whereas consumer rents decrease less. The reason for both effects is that the additional line expansion increases Germany's exports of cheap wind power, which in turn harms producers and benefits consumers in other countries. In both the welfare-maximizing benchmark and the HRV case, extension costs increase by around 30% compared to WindRes. However, the fixed tariff part, which is required to align the Transco's incentives with the socially preferable extension path, also increases to more than €3 billion over the six modeled regulatory periods. 
Endogenous line reactance
All results discussed so far have been calculated under the assumption that line reactance does not change with capacity expansion. We perform a sensitivity analysis for all major cases under the more realistic assumption of endogenous line reactance according to equations (1.15) and (1.16). Figure 19 in the Appendix shows the differences in line extension between endogenous and exogenous line reactance for the cases Static, DRes, and WindRes. For the Static case, the major difference is that lines at the borders between Germany and the Netherlands (line1), Germany and France (lines 5 and 19), within Germany (lines 2 and 3), and within the Netherlands (line 8) are being expanded under NoReg. Note that none of these lines is congested, i.e. expanded in the welfare-maximizing benchmark. By upgrading these lines, the Transco manages to substantially increase network congestion on other lines, more precisely between France and Belgium and between Belgium and the Netherlands. In other words, including endogenous line reactance opens up new market power potentials for the Transco. As a consequence, NoReg leads to less desirable outcomes than in the simplifying runs with constant line reactance. Under CostReg, the Transco cannot apply this strategy, as it is only allowed to invest in the lines that are being expanded in the welfare-maximizing benchmark. Figure 19 shows that the effects in both the DRes and the WindRes case are less straightforward. Considering endogenous line reactance increases the optimal extension level for some lines, but decreases it for others.
As for welfare outcomes, results do not change much between endogenous and exogenous line reactance. Figure 16 shows differences in social welfare for all regulatory cases. The only major differences concern HRV and NoReg in the simplified Static case. Here, modeling endogenous reactance moderately decreases the social welfare gain of extension compared to assuming exogenous reactance. Accordingly, we may have overestimated HRV's performance in the Static case (although HRV still leads to much better welfare results compared to CostReg and NoReg). However, a major point of this paper is that the simplified Static case leads to misleading results, anyway, and that it should be substituted by the more realistic DRes and WindRes cases. In these cases, we find hardly any social welfare differences between the runs with endogenous and exogenous line reactance. The same is true for producer, consumer and congestion rents. Given these results, we conclude that modeling endogenous line reactance has an impact on the locations and the levels of line extension in the different cases. Yet the welfare findings in DRes and WindRes are very similar to the ones determined under the assumption of exogenous line reactance. Making line reactance an endogenous variable substantially increases execution time for a full model run from around 70 hours to more than 230 hours the DRes case. In addition, finding globally optimal solutions gets more challenging. Given the robustness of welfare results, we conclude that our simplifying assumption of exogenous line reactance is justified in order to get meaningful solutions in acceptable execution time. Figure 17 gives an overview of extension-related social welfare gains in all modeled cases relative to the respective welfare-maximizing benchmark (WFMax = 100%). We find that the relative welfare outcomes are very robust over all model runs. HRV regulation is always closest to the welfare optimum. In particular, HRV achieves at least 80% of the socially optimal welfare gains in the DRes and WindRes cases with realistic representations of fluctuating demand and wind power. In contrast, both NoReg and CostReg lead to much lower welfare gains, whereas the NoReg case -which refrains from incentivizing investments -is slightly superior to cost-based regulation in most cases (except the Static case with endogenous line reactance). 
A robust finding: HRV's welfare properties
Conclusions
We have studied the performance of different regulatory regimes for transmission network expansion in the light of realistic demand patterns and fluctuating wind generation by applying them to a power-flow model of the central European transmission network. In contrast to earlier research, we explicitly include both an hourly time resolution and fluctuating wind power, which substantially increases the real-world applicability of the different approaches. In doing so, we have also adapted the HRV model so as to incorporate the peculiarities of large-scale RES systems, especially regarding wind power. Mathematically, the problem was formulated as an MPEC model (mathematical problem with equilibrium constraints). Such an application of the HRV mechanism to wind power goes beyond the existing literature which focuses on markets with traditional (mostly fossil fuel) electricity generation only. However, applying the existing HRV regulatory model to markets with large-scale RES requires some strong assumptions (e.g., on the volatility of wind and the short-term dispatching needs) which calls for a future extension of the current model.
Drawing on realistic demand levels, reference prices, and generation capacities, we showed that network extension in central Europe relieves existing congestion and thus increases social welfare. However, this also leads to a large redistribution of social welfare from consumers to producers in France and Germany. Comparing different regulatory approaches, we find that HRV regulation leads to extension and welfare outcomes close to the social optimum. HRV's welfare outcomes are far superior to the modelled alternatives of cost-based regulation (CostReg) and a merchant-like approach without additional investment incentives (NoReg). This result is robust over all modelled cases. NoReg leads to inferior welfare results because the Transco finds only very small line extensions profitable. Under cost-based regulation, less congested lines are thoroughly expanded, but there are substantial under-investments for the most congested ones. In contrast, the HRV-mechanism provides the Transco with incentives to expand the network such that congestion is relieved. Accordingly, our numerical results support the theoretical claim by Hogan et al. (2010) that HRV regulation aligns the Transco's incentives with social welfare objectives.
From our analysis, we draw both methodological and policy-related conclusions. On a methodological level, we conclude that details matter in electricity transmission network modeling. In particular, analyzing the real-world implications of different regulatory approaches to transmission expansion requires a detailed representation of fluctuating electricity demand. Only then it is possible to achieve robust results on the location and the level of line upgrades, and the related welfare implications, in particular the relation of welfare gains, extension costs and fixed income of the Transco. In contrast, a simplified approach systematically underestimates the need for transmission upgrades. We also find that the effect of fluctuating wind power is of minor importance compared to demand fluctuations -at least at the current level of installed wind capacity in central Europe. Drawing on a range of sensitivity analyses, we also show that some simplifications are justified in order to maintain acceptable execution time.
Another more general theoretical problem of performance-based regulatory mechanisms is their inconsistency with timing issues of transmission networks. A framework based on the distinction of ultra-short periods, short periods and long periods would then be especially useful in future applications (Vogelsang, 2006) . These timing frameworks are especially relevant for the application of regulatory PBR mechanisms -such as the HRV model -to electricity systems characterized by short and varying time resolution dispatching such as those systems based on renewable (wind, PV, CSP, etc.) energy. There exists a gap in the literature on such analysis that future research would like to fill out.
Finally, we also draw some policy conclusions. Given our numerical results, we cannot expect that a Transco in central Europe invests properly in transmission lines without being granted additional incentives. Accordingly, the modeled NoReg approach is not a preferable option for real-world policy makers. Yet cost-based regulation following our CostReg approach is an even less promising option, as it does not provide sufficient incentives for the Transco to invest in the most important lines. In addition, cost-based regulation requires the regulator to have substantial information on network congestion. In contrast, HRV regulation is an option that leaves extension decisions completely to the profit-maximizing Transco, while at the same time leading to desirable welfare outcomes. Moreover, we have shown that its beneficial welfare properties are very robust against fluctuations of demand and wind feed-in. In the light of future large-scale wind integration requirements, HRV regulation may also have favorable characteristics, as it triggers relatively high network extension. In the real world, the large-scale integration of wind power is not only constrained by limited transmission capacity, but also by imperfect foresight and thermal ramping restrictions. Although we did not model these aspects, it is clear that the large network expansion triggered by HRV regulation is generally good for wind integration.
It should be noticed that that the benefits of HRV regulation are related to a relatively large fixed tariff part. The fixed part constitutes a transfer from the Transco's variable income (congestion rents) to its fixed income. Our analysis, however, shows that the fixed part is larger than congestion rent losses, such that overall Transco profit increases substantially. According to our results, the Transco receives the major part of extension-related welfare gains. This constitutes a redistribution of extensions-related gains in producer and consumer rents towards the Transco. This distributive issue could be addressed through a proper choice of weight of profits in the welfare criterion, which is subject to future research. Likewise, the real-world benefits of HRV regulation as modeled in this paper are put into question by the existence of imperfectly competitive dispatch in European electricity markets, which may interfere with the optimal HRV expansion paths calculated in this analysis. Last, but not least, HRV regulation would have to be reconciled with the political reality of incentive regulation, which has only recently been introduced in most European countries. For the time being, policy makers in Europe resort to theoretically less efficient, but practically enforceable approaches, at least regarding to such transmission projects that are most urgently required for the integration of renewable energy. Still, the HRV model could provide a benchmark for efficient price signals for investment.
Further research projects in these issues would then be especially timely given the current policy efforts to achieve RES integration within Europe as well as the political progress towards the creation of a fully functional European energy regulator. A leading novel approach on incentive mechanism design for energy transmission networks would be particularly relevant for Europe, where less sophisticated regulatory mechanisms applied so far have not yielded sufficient transmission investment. The European Union is in fact in the process of elaborating a roadmap document (due in 2011) that establishes detailed decarbonization strategies until 2050, including necessary infrastructure developments for RES large-scale systems. Formal research on the interdependency of renewable energy and electricity transmission pricing and investment is highly relevant for these developments.
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